There is a growing interest for the determinants of human choice behavior in social settings. Upon initial contact, investment choices in social settings can be inherently risky, as the degree to which the other person will reciprocate is unknown. Nevertheless, people have been shown to exhibit prosocial behavior even in one-shot laboratory settings where all interaction has been taken away. A logical step has been to link such behavior to trait empathy-related neurobiological networks. However, as a social interaction unfolds, the degree of uncertainty with respect to the expected payoff of choice behavior may change as a function of the interaction. Here we attempt to capture this factor. We show that the interpersonal tie one develops with another person during interaction -rather than trait empathy -motivates investment in a public good that is shared with an anonymous interaction partner. We examined how individual differences in trait empathy and interpersonal ties modulate neural responses to imposed monetary sharing. After, but not before interaction in a public good game, sharing prompted activation of neural systems associated with reward (striatum), empathy (anterior insular cortex and anterior cingulate cortex) as well as altruism, and social significance [posterior superior temporal sulcus (pSTS)]. Although these activations could be linked to both empathy and interpersonal ties, only tie-related pSTS activation predicted prosocial behavior during subsequent interaction, suggesting a neural substrate for keeping track of social relevance.
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INTRODUCTION
In experience-based decision-making, rather than being provided with a description of the probability distribution of outcomes associated with certain choices, subjects have incomplete information about choice outcomes and their respective probabilities. Information regarding choice-outcome is acquired and integrated through continuous or pre-choice sampling with feedback. Evidence seems to suggest that people have different choicepreferences in decisions-from-experience paradigms than during description-based choice paradigms, although the origins of this putative preference gap are still under investigation (Rakow and Newell, 2010) . Given the naturalistic nature of experiencebased decision-making, disentangling its underlying cognitive and neural mechanisms may be crucial to understanding human choice behavior. Economic trade for example, is an omnipresent real-world example of experience-based decision-making. The probability distribution of outcomes during economic interactions can often only be gauged through the interaction itself. Interestingly, intermediate outcomes of the interaction may impact the probability distribution of future outcomes, lessening the degree of uncertainty along the way. Hence, not only is the subject gauging the probability distribution of outcomes, he or she may actually modulate the probability distribution of outcomes as the interaction unfolds. It has been suggested that interaction partners keep track of this dynamic process internally by means of the interpersonal tie one develops with one's interaction partner (van Dijk et al., 2002; van Winden et al., 2008) . Another suggested influence on human choice behavior in social settings has been the presence of empathy (e.g., Hein et al., 2010) . Here, we attempt to establish how well a trait variable like empathy and a dynamic state variable such as the interpersonal tie are able to predict prosocial choices during interactive decision-making.
The willingness to share resources without guarantee of returnbenefit is crucial to achieve cooperation. This is illustrated by the Public Good family of economic games, where free riding typically leads to a breakdown of cooperation (Isaac and Walker, 1988) . Experimental evidence suggests that the willingness to invest in a public good (including the voluntary punishment of free riders) is motivated by social factors beyond immediate personal gain (Fehr and Gächter, 2002; Rilling et al., 2002) . These factors www.frontiersin.org are often captured using the term altruism, which is observed in humans as well as various other mammals (Fehr and Fischbacher, 2003; de Waal, 2008) . Many have linked the proximate cause of altruism to empathy, referring to the capacity to experience and understand the affective state of another person (Batson, 1991; Eisenberg, 2000; de Waal, 2008; Singer and Lamm, 2009) . Recently, neural evidence has been presented in support of this view, linking empathy-related activation in the insula (Hein et al., 2010; Masten et al., 2011) and medial prefrontal cortex (Mathur et al., 2010; Masten et al., 2011) to prosocial behavior. Empathy promotes social cohesion (Farrow et al., 2001) , scales with feelings of group membership (Sturmer et al., 2006) and as such may be a key motive for the willingness to share.
Individual differences in the willingness to share are often described in terms of social value orientations (Van Lange, 1999) , which can be estimated by having subjects make choices between different monetary distributions regarding themselves and an unspecified other (Liebrand, 1984; Haruno and Frith, 2010) . Social value orientation, like empathy, is considered to be a trait-like, stable disposition (Van Lange, 1999) . However, recent evidence suggests that social value orientation toward an interaction partner can change, depending on the success or failure of an intermediate interaction (van Dijk et al., 2002) . A complementary influence on prosocial behavior might therefore be the development of interpersonal ties, or feelings of social connectedness with an interaction partner. Such ties are different from empathy in that they consist of the extent to which someone cares about another person (van Dijk et al., 2002) , rather than one's ability to share someone's emotions (Eisenberg, 2000; de Waal, 2008; Singer and Lamm, 2009) . The degree to which one is able to experience empathy seems to be a personality characteristic (Mehrabian, 1997; Singer et al., 2004b) , while interpersonal ties are dynamic, resulting from interaction itself (van Dijk et al., 2002; van Winden et al., 2008) . Positively developing ties may instill prosocial behavior, while negatively developing ties may be associated with antisocial behavior, such as a reduced willingness to invest further in the other's wellbeing, or even vengeful behavior, such as punishing the other at a cost to oneself (Fehr and Gächter, 2002) .
Compared to empathy, the cognitive, affective, and neural mechanisms of interpersonal ties have remained relatively exempt of empirical scrutiny. Various studies have focused on normative aspects of social interactions, such as trust (King-Casas et al., 2005) and fairness (Singer et al., 2006) . Other studies have focused on the neural basis of cooperation itself. For example, left orbitofrontal cortex (OFC) and medial parts of the frontal cortex have been associated with cooperative and competitive behavior respectively (Decety et al., 2004) . Cooperative behavior in an iterated prisoner's dilemma game has also been found to elicit increased activity in reward-related areas such as the striatum (Moll et al., 2006; Haber and Knutson, 2010) , as well as the ventromedial prefrontal cortex (VMPFC) and the OFC (Rilling et al., 2002) . Increased (decreased) VMPFC activation has further been found when inferring generous (selfish) play in a public good game played by others (Cooper et al., 2010) . Although these regions may be involved in the formation of interpersonal ties, it is unknown whether they are also involved in keeping track of such ties over longer periods of time. Studies on social cognition point to the relevance of the posterior superior temporal sulcus (pSTS) in representing the social significance of other agents. For example, gray matter density abnormalities in the STS have been associated with autism in children (Boddaert et al., 2004) , stimuli that have acquired relevance during meaningful social interaction (e.g., faces of cooperative game partners) have been shown to activate the pSTS (Singer et al., 2004a) ; the (p)STS is important in keeping track of one's influence on other agent's intentions and strategies (Hampton et al., 2008; Haruno and Kawato, 2009) ; and activation of the pSTS during the perception of agency correlates with individuals' self-reported altruism (Tankersley et al., 2007) .
To determine the influence of empathy and interpersonal ties in determining prosocial behavior, we first established the presence of neural responses related to empathy and interpersonal ties during computer controlled (imposed) sharing. In a second step, we determined how these neural responses related to previous cooperation success and whether they predicted subsequent prosocial behavior. To establish neural empathy and tie-related responses during computer-imposed sharing, we administered a distributional outcome test (DOT; Liebrand, 1984; Haruno and Frith, 2010) , with monetary outcomes benefiting the other at the expense of oneself and vice versa (see Table 1 ), both before and after anonymous interaction in a public good game. In the DOT, subjects were repeatedly confronted with changing payoff distributions, of which the computer would choose one on each trial. We used functional magnetic resonance imaging (fMRI) to examine individual differences in the neural responses to DOT outcomes. Subtracting fMRI responses during the pre-interaction DOT from the responses during the post-interaction DOT, allowed us to isolate neural responses to sharing that could be related to the intermediate public good game interaction (see Materials and Methods) . Choices between distributional outcomes were made by the computer, kept equal across participants, and kept equal between pre-and post-interaction DOTs, to ensure that neural responses could be compared across time and across participants.
MATERIALS AND METHODS

SUBJECTS
We collected data from 34 interaction pairs. Due to our complex experimental setup, five subjects had to be excluded from analysis because of computer or human error during data collection and transfer. Subjects were students from the University of Amsterdam or international exchange students enrolled in courses at the University of Amsterdam. All subjects gave written informed consent prior to the onset of the experiment. The 29 subjects in the scanner had an average age of 22.6 (SD ± 2.7), 14 were female. Their 29 interaction partners had an average age of 23.3 (SD ± 4.5), 11 were female. In 14 interaction pairs both partners had the same sex. In five pairs both partners were female. Chi-square and t -tests confirmed that the scanning group did not differ significantly from the group outside the scanner in age, sex, or any of the behavioral measures.
EXPERIMENTAL PROCEDURE
Subjects were tested in pairs. One subject was positioned in the scanner while the other was seated in a separate room behind a laptop. The procedure was fully anonymous, such that subjects would Frontiers in Neuroscience | Decision Neuroscience never see each other or get any information about the other subject other than through computer-interfaced interaction during the public good game. The study was divided into two main parts:
(1) a scanning phase and (2) a post-scanning part in which subjects filled out exit questions and an empathy questionnaire. Afterward, subjects were paid out. Average earnings totaled to around 45 euros per subject. The scanning phase consisted of three scanning blocks. In the first block, we administered a pre-interaction DOT to test neural responses to different monetary distributions. In the second block, the subject pair played a two-person public good game. In the third block subjects were administered a post-interaction DOT. Right after the post-interaction DOT, subjects played the final rounds of the public good game. After scanning, subjects completed a general exit questionnaire and the balanced emotional empathy scale (BEES; Mehrabian and Epstein, 1972; Mehrabian, 1997) .
DISTRIBUTIONAL OUTCOME TEST
Before and after public good game interaction, the DOT was administered, containing 24 test items (see Table 1 ). These test items were chosen because behavioral pilot testing showed that they discriminated most strongly between subjects when given the ability to freely choose among them. In the DOT however, subjects would not make a choice between the two payoff combinations themselves, but the computer would "randomly" pick an alternative. Unbeknownst to subjects, computer choices were predetermined such that the chosen alternatives and the resulting payouts were the same between participants and between the preand post-interaction DOT. Also unbeknownst to subjects, both the sum of the chosen distributions and the sum of the alternative distributions was zero, both for allocations to self and allocations to other.
At the start of each trial, subjects were asked to carefully inspect the payoff combinations presented by the computer, and to assess which alternative they preferred. Upon pressing a button, the alternatives would start to alternately highlight at a decreasing rate, until settling down on one of them (the "computer choice"). No changes were made to the display during the ensuing 8 s, so that a clean measure of a subject's neural response to the "computer choice" could be taken. To keep subjects engaged in this otherwise passive task, they were asked to subsequently indicate whether they agreed or disagreed with the computer choice using a simple yes/no button press, after which the test would continue to the next trial.
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Importantly, the pre-and post-interaction DOT were identical in all respects, except for one difference. In the pre-interaction DOT, subjects were informed that the"other"was a random subject from the experiment, while in the post-interaction DOT, subjects were informed that the "other" was one's (anonymous) interaction partner during the preceding public good game. Hence differences between neural responses to the post-and pre-interaction DOT acted as a post-pre-interaction contrast, isolating differential neural responses to sharing as a result of the intermediate public good game interaction. Subtracting the pre-interaction DOT from the post-interaction DOT removes effects that cannot be related to the intermediate public good game interaction.
Therefore, we subtracted the normalized pre-interaction DOT fMRI signal from the post-interaction DOT signal, to isolate the component of the DOT response that may have been impacted by the intermediate public good game interaction (see below for analysis details). This is a non-standard fMRI analysis step, but pertinent to the type of information we wanted to extract from our design. We were interested in isolating changes in neural components of sharing preference as a result of experience-induced change over time (i.e., as a result of public good game interaction). The difference signal of neural responses acquired at different moments in time -while keeping all other variables the same -provided this measure.
PUBLIC GOOD GAME
The intermediate public good game was a finite, non-linear, selfpaced public good game described elsewhere (van Dijk et al., 2002) . The game consisted of 29 rounds between two subjects. On every round, subjects were given 12 monetary units, which they could divide freely between their private account and a public account. The payoff consequences of contributions to the public account were made explicit by use of an on-screen payoff table (see Table 2 ). Payoffs in this table were given by 14 * (X + Y ) + 32 * (12 − X ) − (12 − X ) 2 − 160, where X represents a subject's own contribution to the public account, while Y denotes the other subject's contribution to the public account. The Pareto-optimum was at 10 tokens in the public good, but players could decide to invest more than 10 tokens, increasing the other's payoff at one's own expense. Likewise, participants could invest less than the Nash-equilibrium (three tokens), resulting in a payoff below Nash for the other at one's own expense.
Prior to the public good game, extensive on-screen instructions were given, followed by nine multiple-choice questions to check understanding. At round 25, the public good game was unexpectedly interrupted for the post-interaction DOT. Right after the post-interaction DOT subjects finished the last four rounds of the public good game. At the end of the experiment, payoffs were converted to real currency and paid out along with the other payouts.
POST-SCAN QUESTIONNAIRES FOR EMPATHY AND INTERPERSONAL TIES
After scanning, subjects completed an exit questionnaire and an empathy scale questionnaire. Interpersonal ties were measured during the exit questionnaire. Subjects were asked to indicate the interpersonal tie they felt with the subject they had interacted with during the public good game. The question was:
Please indicate on the scale below how much you like or dislike the participant you were paired with in part 2 and 3 of the experiment. Circle the number of your choice, where 1 stands for "very unpleasant person" and 9 stands for "very nice person."
Below was a 9-point scale running from "very unpleasant person" to "very nice person." Note that a value below five signals a negative tie, whereas a value above five signals a positive tie. Ratings emanated from previous cooperation success, as there 
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were no encounters between partners other than during anonymous interaction in the public good game. In addition, the exit questionnaire contained some questions on interaction strategy and control questions to check whether there had indeed been no contact with the other subject other than through computermediated interaction. To assess trait empathy, subjects completed the BEES (Mehrabian and Epstein, 1972; Mehrabian, 1997) after they had completed the exit questionnaire.
PAST COOPERATION SUCCESS AND FUTURE INVESTMENT BEHAVIOR
As a measure of previous cooperation success, we calculated the other's average contribution to the public good in the last five rounds prior to the second DOT (round 21-25; van Dijk et al., 2002) . Future investment behavior was defined as a player's own average contribution to the public good in the rounds following the second DOT (round 26-28). The final round (round 29) was not included in the average because of the well-known "end" effect (Ledyard, 1995 Pre-processing and data analysis was performed using the fMRI expert analysis tool (FEAT), v5.98 from the FMRIB's software library (FSL) package (http://www.fmrib.ox.ac.uk/fsl). fMRI images were motion corrected, slice-time aligned, aligned to the structural image of the subject, and spatially smoothed using a Gaussian kernel of 5 mm and high-pass temporally filtered using a Gaussian envelope of 50 s. Anatomical brains were extracted from the structural images, and transformed to the standard space of the Montreal Neurological Institute (MNI) using FMRIB's nonlinear image registration tool (FNIRT). Finally, the functional data were co-registered to the MNI brain using non-linear parameters obtained from FNIRT.
DATA ANALYSIS
For each subject, general linear models (GLMs) were specified separately for the pre-and post-interaction DOT. A predictor was created for each trial, corresponding to the moment at which the "computer choice" (see Table 1 ) was presented to the subject. All predictors were convolved with a standard double gamma hemodynamic response function. The resulting GLMs were applied to the (pre-processed) fMRI signals that were acquired during the pre-and post-interaction DOT. Next, the mean percent signal change on each trial of the pre-and post-interaction DOT was extracted for each subject and each region of interest (ROI). Trials were averaged depending on the sharing context (see Table 1 ): for each subject and each ROI, an average was created for trials in which the other obtained monetary gains at the expense of oneself ("Other gains at expense of Self "), and another average was created for trials in which oneself gained at the expense of the other ("Self gains at expense of Other"), separately for the pre-and post-interaction DOT. Subsequently, the resulting pre-interaction DOT averages were subtracted from the post-interaction DOT averages of corresponding sharing contexts, isolating the part of the neural response that was affected by the intermediate public good game experience, while subtracting out the bare neural responses to the monetary divisions in these sharing contexts (which were equal in both DOTs).
The post-minus pre-public good game interaction DOT difference signals from these sharing contexts ("Self gains at expense of Other" and "Other gains at expense of Self ") for each of the ROIs were correlated against the empathy and interpersonal tie measures, as well as against the measures for past cooperation success and future investment behavior. Because we computed a lot of correlations, one needs to correct for multiple comparisons, as some correlations will turn up significant at the conventional 0.05 level by chance alone. We corrected for multiple comparisons by means of the false discovery rate (FDR) correction, which fixes the expected proportion of incorrectly rejected null hypotheses (type I errors) given the number of tests that were performed (Benjamini and Hochberg, 1995) . All reported statistics in the experiment are two-tailed.
To summarize, the subtraction method and the FDR correction each correct for a potential source of spurious correlation: (1) The subtraction of the pre-interaction DOT from the postinteraction DOT isolates the part of the signal that can be related to the intermediate public good game. The subtraction method removes correlations between the DOT and our dependent measures that are not related to the intermediate public good game. Such correlations may be coincidental but "real" within the specific sample that we measured from, or they may even be real in the population at large. Regardless, the subtraction method removes them. (2) The FDR correction thresholds the resulting post-minus pre-interaction correlations such that they cannot be attributed to measurement errors (noise). The correlations that are identified using the combination of these two methods can therefore be attributed to the intermediate public good game, and cannot be attributed to chance.
To establish whether empathy and interpersonal ties might interact to predict behavior, we carried out a regression analysis. We used the BEES and liking ratings as measures for empathy and social ties respectively. An interaction term of the two was added. All terms were regressed onto the subject's future contributions in the three rounds following the second DOT.
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SELECTION OF REGIONS OF INTEREST
For ROI selection, the results from the lower level DOT analysis were combined using a fixed effects higher-level analysis, in which corresponding trials from the pre-and post-interaction DOT were matched. Note that in this particular analysis, trials from the pre-and post-interaction DOT were combined (effectively averaged), rather than subtracted. Subsequently, the resulting individual subject statistics were analyzed at a group level using FMRIB's Local Analysis of Mixed Effects (FLAME1). At this stage, an F -test was performed over all 24 trials, allowing us to test in a non-directional way in what regions the combined pre-and post-interaction DOT contributed significantly to the fMRI signal at a group level. By using a non-directional F -test, the statistics were indifferent to the direction of hemodynamic changes between different types of trials within the DOT. Clusters with Z -values higher than 3.1 (uncorrected) were considered for inclusion as ROIs into the final analysis. From these clusters, ROIs were selected on anatomical grounds that are known to be involved in reward processing (striatum; Rilling et al., 2002; Moll et al., 2006; Haber and Knutson, 2010) , empathy [anterior insular cortex (AIC) and anterior cingulate cortex (ACC)] (Wicker et al., 2003; Singer et al., 2004b; Singer and Lamm, 2009 ), social significance (pSTS; Singer et al., 2004a; Tankersley et al., 2007; Hampton et al., 2008) , and social decision-making (VMPFC and OFC; Rilling et al., 2002; Decety et al., 2004) . As striatal activity was part of a larger cluster, we extracted voxels from this cluster using the Harvard-Oxford Subcortical Structural Atlas included in the FSL package. Only voxels that had more than 50% probability of belonging to the nucleus accumbens (ventral striatum) or caudate (dorsal striatum) were included. No voxels exceeded the threshold in the putamen. See Figure 1 for selected clusters. For the entire activation map of the F -test and the selection of ventral and dorsal striatum see Figure 2 , for a list of all clusters see Table 3 .
Because the DOT data used for ROI selection were also used during hypothesis testing, a possible concern could be selection bias resulting from the non-independence error or "double dipping" (Kriegeskorte et al., 2009 ). However, the statistical tests used during hypothesis testing were not affected by circularity. For one, the result statistics used during ROI selection were different from those used during hypothesis testing. ROI selection was done on the averaged pre-and post-interaction DOT, while during hypothesis testing the pre-interaction DOT was subtracted from the post-interaction DOT. More to the point however, hypothesis testing was done by correlating this difference signal against measures of empathy, interpersonal ties, and interaction success, while none of these behavioral measures were used when generating the Fstatistics used for ROI selection. Critically, this ensured that none of our results could be explained by double dipping. Regions of interest used in subsequent analyses are underlined.
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RESULTS
ORTHOGONALITY OF TRAIT EMPATHY AND INTERPERSONAL TIES
Trait empathy was measured post-experimentally using the BEES (Mehrabian and Epstein, 1972; Mehrabian, 1997) . Interpersonal ties were measured in an exit questionnaire in which subjects were asked to rate how much they liked or disliked their interaction partner. To assess whether these measures were somehow correlated, we calculated their correlation coefficient. This showed that our empathy and our interpersonal ties measure were unrelated (r = −0.06, p = 0.76).
NEURAL CORRELATES OF EMPATHY DURING IMPOSED SHARING
In order to assess the presence of neural correlates of trait empathy during imposed sharing, we correlated BEES scores with the post-minus pre-interaction neural DOT responses during the "Self gains at expense of Other" and "Other gains at expense of Self " sharing contexts, in all regions of interest (see Table 4 ). The FDR-corrected significance level at which these correlations were evaluated is 0.0043, as marked by three asterisks (see bottom of Table 4 . This shows that responses in these areas were stronger for empathic subjects than for non-empathic subjects after, but not before interaction (Figure 4) . Notably, empathy only correlated with neural responses to sharing when the other gained at one's own expense, and not the other way around (all p > 0.3).
NEURAL CORRELATES OF INTERPERSONAL TIES DURING IMPOSED SHARING
Similar to the empathy analyses, we correlated liking ratings with post-minus pre-interaction neural DOT responses in both sharing contexts for all regions of interest (see Table 4 ). After correction for multiple comparisons, only the pSTS correlated significantly with our interpersonal tie measure, and only when oneself gains at the expense of the other (r = 0.58, p = 0.0011), and not vice versa (r = 0.32, p = 0.0928; Figure 5 , top). This suggests that gaining at another person's expense invokes activation in the pSTS, where the degree of activation correlates positively with the interpersonal tie one has developed with that person during previous interaction. Receiving reward at another's expense may invoke a tie-related response in the pSTS, where a strong response corresponds with a positive interpersonal tie with the other person, and a weak response corresponds with a negative tie. Again, the correlation is specific to the post-minus pre-interaction DOT, emphasizing the relevance of the intermediate interaction in driving the response (Figure 6 ).
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RELATIONSHIP TO PAST COOPERATION SUCCESS AND FUTURE INVESTMENT BEHAVIOR
To determine the degree to which these sharing-related responses are driven by past cooperation success, and/or predict cooperation in the continuation of the public good game after the second DOT, we correlated all post-minus pre-DOT responses with past cooperation success and future behavior ( Table 4 , second part). Previous cooperation success was defined as the other's mean contribution to the public good in the five rounds prior to administering the post-interaction DOT (van Dijk et al., 2002) , while future cooperation was defined as one's own mean contribution to the public good in the three rounds after the second DOT (see Materials and Methods). Past cooperation success (Figure 5 , middle) as well as future cooperation (Figure 5 , bottom) in the public good game correlated only with the pSTS, again particularly for outcomes that entail gains at the expense of the other (past success: r = 0.63, p = 0.0003; future cooperation: r = 0.58, p = 0.0009).
REGRESSION ANALYSIS OF EMPATHY-TIE INTERACTION
Finally, we wanted to determine whether our empathy and interpersonal ties measures -or their interaction -might be used to predict cooperative behavior directly. We carried out a regression analyses, in which we regressed our behavioral measures for empathy and interpersonal ties, plus an interaction term, onto the average contribution to the public good in the rounds following the second DOT (our behavioral measure for cooperative behavior in the public good game). The overall model was significant: [F (3,25) = 3.59, p = 0.0277]. Moreover, it was driven only by our interpersonal ties measure (p = 0.004), and not by the BEES (p = 0.184) or by the interaction of the two (p = 0.171). This result confirms the influence of interpersonal ties -rather than empathy -in establishing prosocial behavior during interaction.
DISCUSSION
We isolated the influence of public good game interaction on neural responses in different sharing contexts, by subtracting normalized fMRI signals that were separated in time by the interaction. We investigated the post-minus pre-interaction difference signal in these sharing contexts (other gains at one's own expense and vice versa), subtracting out the raw neural responses to the division of monetary resources themselves. This somewhat unconventional analysis method allowed us to uniquely isolate the influence of intermediate public good game interaction on neural responses during imposed sharing, and determine the relation of these responses to empathy, interpersonal ties, past cooperation success, and future prosocial investment behavior. We found neural correlates of empathy and interpersonal tie measures in these interaction-related fMRI signals, showing that our neural correlates of these measures depend on the intermediate public good game interaction. Moreover, we show that the neural correlate of the interpersonal tie measure is uniquely related to past cooperation success and future prosocial investment behavior.
www.frontiersin.org FIGURE 3 | Correlations between empathy scores (BEES) and Δ percent signal change of post-minus pre-interaction DOT. Correlations are shown for AIC (top) and ACC (middle) and striatum (bottom) for trials in which the other gains at the expense of oneself (left panels, in red), and for those in which oneself gains at the expense of the other (right panels, in blue). Correlations before and after public good game interaction separately can be found in Figure 4 . All correlations are listed in Table 4 .
Although neural correlates of empathy only emerged after having interacted with the other participant (Figure 4) , these correlates could not be related to previous cooperation success or to future choice behavior (Table 4) . Thus, while these correlates only emerged as a result of interaction, they do not seem to result from specific choice outcomes, or result in specific choices. This suggests that the relationship between trait empathy and economic interaction is more generic. One possibility may be that trait empathy is only expressed when the other person turns out to be a "real" actor in the world. Bear in mind that during the pre-interaction DOT, subjects are told that the "other" is a random anonymous subject from the experiment and that there is no interaction with that participant. The combination of anonymity and a lack of interaction may lead to dehumanization, lessening empathic responses during the pre-interaction DOT (Cehajic et al., 2009) .
The pSTS correlate of the interpersonal tie on the other hand, exhibits a more specific interaction-related pattern. Like empathy, it only emerges as a result of public good game interaction. However, this signal could also be linked to previous cooperation success and to future cooperative choice behavior in subsequent rounds of the public good game. Moreover, tie-related activity only correlated with pSTS activation in the context of receiving a monetary reward at the expense of the other. This seems to link pSTS activation to positive choice outcomes. Possibly, the degree to which self-favoring outcomes engender activation in the pSTS depends directly on past cooperation success, extending previous findings on the role of the pSTS in tracking the effects of one's actions on other agents' decisions (Hampton et al., 2008) . Similarly, Haruno and Kawato (2009) have shown that the degree to which subjects are able to exploit other agent's strategies is uniquely predicted by STS activity. We suggest that pSTS activation during forced sharing correlates with the interpersonal tie one has developed with another participant during previous interaction, even though this activation is captured outside and apart from the interaction. This alludes to a long-term representation of the FIGURE 5 | Correlations between interpersonal tie-scores (top), past cooperation success (middle) as well as future investment behavior (bottom), and Δ percent signal change of post-minus pre-interaction DOT. Correlations are shown for the pSTS, for trials in which the other gains at the expense of oneself (left panels, in red), and for those in which oneself gains at the expense of the other (right panels, in blue). Correlations before and after public good game interaction separately can be found in Figure 6 . All correlations are listed in Table 4 .
interpersonal tie that outlasts representations that are temporally contained within the time frame of the interaction itself.
Taken together, our results suggest that during economic interaction, tie-related mechanisms are more closely involved in experience-based choice than trait empathy. As we established that our trait empathy measure and our interpersonal tie measure were uncorrelated, it seems unlikely that trait empathy plays a direct role in the formation of interpersonal ties and choice behavior during economic interaction. However, trait empathy might play a modulating role in determining the influence of interpersonal ties on experience-based choice. A regression analysis of our empathy and interpersonal ties measures together with an interaction term established that only interpersonal ties predicted Correlations are shown for sharing in which the other gains at the expense of self (in red), and for sharing in which oneself gains at the expense of the other (in blue), separately for the DOT prior to interaction (pre-interaction, first and third column) and for the second DOT (post-interaction, second and forth column).
cooperative behavior. This suggests that neither trait empathy, nor its interaction with interpersonal ties, determines subsequent choice behavior.
Importantly, we measured empathy in our experiment by establishing the degree to which someone is able to experience empathic emotions. Therefore, only trait-like aspects of empathy were considered. However, the degree to which empathy is experienced at any given moment in time can change depending on the situational context. For example, a person may feel more empathy toward a person that behaves nicely than toward a person that does not (Singer et al., 2006) . As we did not measure the degree of empathy experienced during the experiment directly, we could not assess the influence of empathic experience on choice behavior directly. Other studies suggest that feelings of empathy or activity in empathy-related networks do play a role during prosocial behavior (Hein et al., 2010; Masten et al., 2011) , which seems to be at odds with the findings we present here. Importantly however, these studies investigated non-interactive instances of prosocial behavior, in which the other is not expected to reciprocate the good deed bestowed onto them. Experiments like these often use verbal www.frontiersin.org descriptions or passive viewing of characters. In our experiment, participants were involved in actual interaction with interaction partners. So even if feelings of empathic concern play a role during choice behavior, our results suggest that in interactive experiencebased contexts such as the one investigated here, this influence cannot be traced back to a stable empathic trait.
We find correlations between trait empathy and the AIC and ACC only when the other gains at one's own expense, and not when resource transfer is in the opposite direction. In the DOT, negative (resource-losing) events for oneself go hand in hand with positive (resource-gaining) events for the other. Hence, outcomes that benefit the other at one's own expense can either be interpreted as "painful" (resource-losing) events for oneself, as positive (resource-gaining) events for the other, or as a combination of the two. AIC and ACC have been implicated in empathy for both positive (Jabbi et al., 2007) and negative (Wicker et al., 2003) events, but also in a more general brain network known as the "pain matrix," thought to be involved in the perception and appraisal of pain (Singer et al., 2004b) . Following reverse inference, one interpretation might be that there is a correlation between trait empathy and one's own "pain" responses when having to share. If true, one would expect to also see them in the pre-interaction DOT. This is not the case (see Figure 4) , suggesting that the correlations are driven by empathic concern for the other's benefit as a result of having interacted with that person, rather than by pain over one's own loss. In line with this interpretation, we not only found correlations in AIC and ACC, but also in striatal circuitry typically associated with reward processing (Moll et al., 2006; Haber and Knutson, 2010) . Although speculative, another person's benefit may register more strongly as a reward signal for individuals with higher empathy levels.
This finding is interesting in light of common theorizing about empathy. Empathy is generally thought to be "other-oriented," being able to tune into or share the affective experiences of others (positive or negative; de Waal, 2008; Singer and Lamm, 2009 ). Here, we have the special situation where a positive event for the other is accompanied by a negative event for oneself and vice versa (sharing). We only see correlations with empathy when the other gains at one's own expense and not the other way around. This suggests that the "other-orientation" of empathy is modulated by the direction of the resource transfer involved in sharing. Empathic subjects engage empathy-related structures (AIC, ACC) during sharing -even when these events are painful for themselves -but only when their own suffering helps the other along, and not the other way around. Although speculative, empathic subjects may use their ability to empathize to help alleviate, counterbalance, compensate, or justify their own suffering when having to share, while empathy-related responses do not manifest when the tables are turned, possibly as a result of joy over one's own profit.
More generally, the expression of neural correlates of empathy and interpersonal ties in different sharing contexts may tell us something about their function in prosocial behavior. While the interpersonal tie correlate seems to be expressed more strongly in a sharing context where oneself benefits at the other's expense, the network structure involved in empathy seems to be engaged more strongly when one suffers loss that benefits another. This may point to different functional contributions of these regions to prosocial behavior. The pSTS may be used to keep track of the utility that other agents constitute in the short run, enabling immediate prosocial behavior during interaction. The empathy network on the other hand, may work to overcome negative emotions that are associated with loss. Although our study suggests that this is not translated into short-term investment choices during economic interaction, it may enable cooperative behavior in the long run, countering the adverse effects of absorbing temporary loss associated with social interactions.
Summarizing, previous cooperation success and future cooperation did not correlate with activations in structures related to empathy (AIC, ACC), reward (striatum), or social decisionmaking (OFC, VMPFC). However, previous cooperation success and future cooperation did correlate with pSTS activation, which we found to be related to interpersonal ties. This suggests that interpersonal ties and trait empathy may recruit different neural networks, of which only the former drives cooperative behavior during interaction. Moreover, individual differences in pSTS activation predicted individual differences in prosocial investment behavior in subsequent rounds of the public good game. This predictive value is important, as it suggests that the pSTS plays a role in keeping track of the dynamically evolving interpersonal tie underlying the willingness to invest in a shared public good. We conclude that during experience-based economic interaction, networks are engaged that keep track of interpersonal ties over longer periods of time, possibly enabling choice-outcome estimation in social settings, with the pSTS emerging as a key element.
A word of caution is also in order. The regions that were highlighted in our experiment have previously been related to many elementary operations, of which we discuss only a few. For example, the pSTS has also been linked to perception of biological motion (Perrett et al., 1989; Bonda et al., 1996) , perception of intentional action (Castelli et al., 2000; Saxe et al., 2004) as well as speech perception (Demonet et al., 1992; Mottonen et al., 2006) . AIC has been implicated in eye movements (Anderson et al., 1994) , speech production (Dronkers, 1996; Ackermann and Riecker, 2004) , higher-order learning (Seymour et al., 2004) , interoceptive awareness (Critchley et al., 2004; Khalsa et al., 2009) , and even consciousness at large (Craig, 2009) . Likewise, the ACC has been implicated in interoception (Critchley et al., 2004; Khalsa et al., 2009) , reward based decision-making (Bush et al., 2002) , error detection and conflict monitoring (Gehring et al., 1993) , and various related cognitive and emotional processes (Lane et al., 1998; Bush et al., 2000) . The striatum has traditionally been implicated in planning and modulation of movement (Rolls, 1994) , but recently more prominently in reward processing (Moll et al., 2006; Haber and Knutson, 2010) , novelty-based choice behavior (Wittmann et al., 2008) , and higher-order learning (Seymour et al., 2004) . Together, this paints a picture of a highly complex network in which regions work together to achieve certain functions, plausibly providing different functions in different contexts and at different moments in time. Although we have attempted to isolate empathy and tie-related mechanisms, the idea that these mechanisms are solely implemented in the regions that we highlight is most likely an oversimplification. More likely, these functions are achieved through interactions between and within regions, executing various more elementary subprocesses to provide more complex higher-order functions. Our study does not allow us to tease apart empathy and tie-related mechanisms into their elementary processes. However, it does provide pointers as to where these higher-order functions seem to be expressed most strongly, and what their role is in interactive experience-based choice. Relatedly, it deserves mention that we did not have a control group in which the other participant in the post-interaction DOT was either a non-human player (computer) or another anonymous participant from the experiment. Although it is unlikely that the specific activation patterns we observed can be attributed to nonspecific effects such as game repetition, boredom or exhaustion, future studies employing a similar design might do well to include such controls.
